[1] In this study, we compare carbon monoxide (CO) products from the Measurements of Pollution in the Troposphere (MOPITT) and Tropospheric Emission Spectrometer (TES) and investigate the possible causes of the differences between retrievals for these two data sets. Direct comparisons of CO retrievals for July 2006 show that TES CO concentrations are consistently biased lower than those of MOPITT by 25 ppbv near the surface and by 20 ppbv at 150 hPa, primarily due to different a priori profiles and covariance matrices used in the TES and MOPITT CO retrievals. To reduce the effects of different a priori constraints, we apply TES a priori profiles and covariance matrices to a modified MOPITT retrieval algorithm. The mean TES-MOPITT CO difference decreases from À25 to À10 ppbv near the surface. To further account for retrieval smoothing errors due to different TES and MOPITT averaging kernels, TES averaging kernels are used to smooth MOPITT CO profiles to derive TES-equivalent CO profiles. Compared to these, TES CO profiles are biased 1 ppbv lower near the surface and 4-9 ppbv lower in the troposphere, and the mean absolute TES and TES-equivalent CO column difference is less than 6.5%. The mean TES and MOPITT CO differences due to smoothing errors are close to zero, and the remaining bias is primarily due to the combined effects of radiance biases, forward model errors, and the spatial and temporal mismatches of TES and MOPITT pixels.
Introduction
[2] Carbon monoxide is one of the few air quality relevant trace gases that can be measured from space. Its sources fall into two main classes: natural chemical production and anthropogenic incomplete combustion processes. In the presence of nitrogen oxides, carbon monoxide (CO) oxidation processes are important in determining the tropospheric ozone (O 3 ) budget. The principal CO sink is oxidation by the hydroxyl radical resulting in a medium lifetime with a global average of about 2 months. Since this is not long enough for CO to become evenly mixed in the troposphere, it serves as an excellent tracer of transport processes and intense pollution sources that can produce concentration enhancements over background values of several hundred percent [Edwards et al., 2004 [Edwards et al., , 2006 . As a primary indicator of incomplete combustion it can also be used as a proxy for inferring emissions and distributions of other species that are not so readily measured.
[3] Nadir measurements of CO from space using the thermal infrared bands at 4.7 mm are currently being made by instruments on each of the platforms composing the NASA Earth Observing System. In this paper, we present a comparison of CO profile and total column retrievals from the Terra Measurements of Pollution in the Troposphere (MOPITT) and Aura Tropospheric Emission Spectrometer (TES) instruments. Launched in 1999, MOPITT is a multichannel gas correlation radiometer [Tolton and Drummond, 1997] . With a total scanning angle of ±26°in each swath and a 22 km Â 22 km horizontal resolution, MOPITT is able to generate a global CO map in about 3 days. The equator-crossing time of MOPITT is 1030 LT ± 15 min. The maximum a posteriori (MAP) retrieval method [Pan et al., 1998; Rodgers, 2000; Deeter et al., 2003 ] is used to retrieve CO profile, CO column amount, surface skin temperature, and surface emissivity, and these have been validated by Deeter et al. [2003] , Emmons et al. [2004] , Emmons et al. [2007] , and Ho et al. [2002] , respectively. The multiyear validation of MOPITT CO vertical profiles and column amounts using a wide range of in situ measurements over ocean and land for different seasons indicates good quan-titative agreement with the bias mean and standard deviation for the retrieved CO column being À0.5 ± 12.1%.
[4] Launched in 2004, TES is a high spectral resolution (0.1 cm À1 in nadir viewing mode) Fourier transform spectrometer [Beer et al., 2001; Beer, 2006] . The equator-crossing time of TES is 1330 LT ± 15 min. With a 5 km Â 8 km nadir footprint, it takes around 15 days for TES to generate a global CO map. A Levenberg-Marquardt nonlinear least square method is used to invert TES radiances to CO profiles [Worden et al., 2004; Bowman et al., 2006; Kulawik et al., 2006a] . Although more limited in spatial coverage than MOPITT, the TES measurements have the advantage of additionally providing coincident tropospheric retrievals of other trace gas species (O 3 and some nitrogen compounds), water vapor, and temperature that are also important for studies of tropospheric chemistry. TES CO retrievals have been validated by Luo et al. [2007a Luo et al. [ , 2007b and Lopez et al. [2008] .
[5] The objective of this study is to assess the consistency of MOPITT and TES CO data and to investigate the possible causes of differences between these two data sets. Although both MOPITT and TES CO products are retrieved using similar optimal estimation methods [Rodgers, 2000] , direct comparison is inappropriate. This is because of differences of (1) measurement characteristics (i.e., instrument noise, forward model error, and weighting functions) and (2) predefined retrieval settings (i.e., selection of a priori profiles and background covariance matrices) used by the two algorithms. Moreover, because of different cloud detection techniques employed by the two teams, additional uncertainty may be introduced in the TES and MOPITT CO comparison.
[6] Recently, Luo et al. [2007b] showed that 2 days of TES CO retrievals (20 -21 September 2004) are consistent with those of MOPITT after accounting for different a priori profile assumptions and vertical resolutions. In their study, an approach introduced by Rodgers and Connor [2003] was directly applied to convert MOPITT CO profiles into TESequivalent CO profiles using TES averaging kernels. However, because TES and MOPITT retrievals are sensitive to CO information at slightly different heights (see section 2.3), information of atmospheric CO variation obtained from MOPITT measurements is effectively smoothed out by this direct conversion.
[7] In this paper, we use a more complete spatial and temporal data comparison than that of Luo et al. [2007a] for the month of July 2006. This is also a period after December 2005 when the TES optical bench was set at a warmer operating temperature to improve alignment [Rinsland et al., 2006] . Although multiyear TES and MOPITT data are available, to have an in-depth investigation of the causes of differences through a step-by-step approach (see sections 3 and 4), only 1 month of data is used. We consider three levels of intercomparison of the MOPITT and TES CO products:
[8] 1. Instead of directly applying TES averaging kernels to MOPITT CO to account for the different a priori information in TES and MOPITT retrievals [Luo et al., 2007a] , we apply TES CO a priori profiles and covariance matrices to a modified operational MOPITT retrieval algorithm and compare the resulting CO products to TES CO data.
[9] 2. To account for different vertical sensitivities of the TES and MOPITT CO profiles arising from the combined effects of instrument noise, a priori constraint, and measurement weighting functions (see section 2), we use TES averaging kernels to smooth the modified MOPITT CO retrievals from level 1.
[10] 3. To further quantify the effect of the remaining bias differences between TES and modified MOPITT averaging kernels on the CO differences, we sample global CO profiles from the chemical transport Model for Ozone and Related chemical Tracers 3 (MOZART-3) [Kinnison et al., 2007] .
[11] In section 2 we describe the TES and MOPITT CO products, retrieval algorithms, and a priori data used in this study. The TES and MOPITT averaging kernels and CO retrievals are also directly compared. This is followed in section 3 by the comparison of TES and MOPITT CO when the TES a priori profiles and covariance matrices are used in MOPITT CO inversion as described in level 1. The TES and MOPITT CO comparisons when TES averaging kernels, a priori, and covariance matrices are applied to MOPITT retrievals (level 2), are presented in section 4. Estimation of CO bias error between TES and MOPITT averaging kernels using MOZART CO profiles (level 3), is also given in section 4. Section 5 concludes this study.
TES and MOPITT Retrieval Algorithms

Retrieval Approach
[12] The TES operational retrieval algorithm follows the optimal estimation approach described by Rodgers [1976 Rodgers [ , 2000 . A Levenberg -Marquardt nonlinear least squares method is used to invert TES radiances to the desired state parameters [Worden et al., 2004; Bowman et al., 2006] , which include CO, ozone, and water vapor. TES retrievals are reported in volume mixing ratio (VMR) on a 67 level pressure grid detailed in Table 1 . The MOPITT operational retrieval algorithm uses the MAP method [Pan et al., 1998; Rodgers, 2000; Deeter et al., 2003] , which is also an optimal estimate approach similar to the TES retrieval algorithm. MOPITT CO VMR is reported on a 7 level pressure grid (Table 1) .
[13] In the TES retrieval algorithm, the measurement effective cloud contamination is determined from the fre- 261. 016, 237.137, 215.444, 195.735, 177.829, 161.561 250 7 146.779, 133.352, 121.152, 110.069, 100.000, 90.8518, 82.5406, 74.9896, 68.1295, 61.8963, 56.2339, 51.0896, 46.4158, 42.1696, 38.3119, 34.8071, 31.6229, 28.7299, 26.1017, 23.7136, 21.5443, 19.5734, 17.7828, 16.1560, 14.6780, 13.3352, 12.1153,11.0070, 10.0000, 9.08514, 8.25402, 6.81291, 5.10898, 4.64160, 3.16227 In this study, we use MOPITT CO products from a modified version 3 (V3) algorithm for comparison with TES CO data. This is the version described by Deeter et al. [2003] with two modifications that are implemented in the newly available MOPITT version 4 (V4) data version. These modifications are (1) a 1°Â 1°gridded monthly 4.7 mm surface emissivity (E) [Ho et al., 2005] , instead of a globally fixed emissivity, that improves retrievals of surface temperature and CO mixing ratio and (2) retrievals assume a log (VMR) distribution [Deeter et al., 2007a] .
Methodology
[15] The retrieval sensitivity to a CO vertical profile for both TES and MOPITT comes from a broad vertical layer in the troposphere. The retrieved CO profile CO MOP from the MOPITT measurements can be represented as the weighted mean of the true profile (CO TRUE ) and the a priori profile (CO MOP APR ) [Rodgers, 2000] :
where I is the identity matrix and A MOP is the MOPITT averaging kernel matrix, which represents the sensitivity of the retrieved CO to the true CO, and is given by
where K MOP is the measurement Jacobian or weighting function, S MOP e is the measurement error covariance matrix, and S MOP APR is the MOPITT retrieval a priori covariance matrix. The retrieval weighting between the a priori assumed state and the real state therefore depends on two a priori constraints: the assumed profile CO MOP APR and the covariance S MOP APR . The CO MOP , CO TRUE , and CO MOP APR in equations (1) and (2) are all vectors. Equation (1) can also be written for the TES CO profile, CO TES , using TES a priori data (CO TES APR ) and TES averaging kernels (A TES ). The total number of independent pieces of information or the degrees of freedom for signal (DFS) can be obtained by taking the trace of the averaging kernel matrix [Rodgers, 2000] . MOPITT and TES are able to provide 1 -2 DFS, depending primarily on surface conditions [Ho et al., 2005; 
TES and MOPITT a Priori Description 2.3.1. A Priori Profiles
[16] Monthly mean TES CO a priori profiles are constructed using CO fields from MOZART-3 binned into 60°l ongitude Â 18°latitude regions for each month in 2002. A total of 12 months of a priori CO maps is generated. The global TES a priori CO field at 825 hPa for July is shown in Figure 1 . MOPITT V3 uses a global fixed a priori profile, which is constructed from worldwide in situ CO observations [Deeter et al., 2003] (Figure 2 ).
A Priori Covariance Matrices
[17] The TES a priori covariance matrices (e.g., a priori constraint matrices) are constructed using the Tikhonov method [Kulawik et al., 2006c] for each 36°latitude zone (90°N-54°N, 54°N-18°N, 18°N-18°S, 18°S-54°S, and 54°S-90°S). Current MOPITT V3 algorithm uses a globally fixed a priori profile and background covariance [Deeter et al., 2003] (Figure 2 ), which is different from that of TES. The vertical distribution of the standard deviations (i.e., the diagonal terms of the covariance matrix) for TES CO a priori covariance matrix for the 54°N-18°N zone is also shown in Figure 2 , where a MOZART profile in the 54°N-18°N zone is used as the mean profile. The standard deviation values for TES for other latitudinal zones (not shown) are similar to those at 54°N -18°N. This indicates that the variances of the diagonal terms of the TES covariance matrices are, in general, larger than those of MOPITT at all pressure levels. Except for the tropics (18°N-18°S, not shown), TES variance values are relatively larger between 200 and 500 hPa than those heights below 500 hPa, whereas the largest MOPITT variance values are near the surface and decrease with height. The different a priori constraints used by TES and MOPITT affect the shape and magnitude of their averaging kernels and hence the retrieval results (see sections 2.4 and 2.5).
Comparison of TES and MOPITT Averaging Kernels
[18] The averaging kernel values depend partly on the assumed retrieval pressure grid since these are intrinsically layer quantities. To see how TES and MOPITT measurements contribute to the retrieved CO profiles differently at each pressure grid, we plot the MOPITT and TES averaging kernels (A MOP and A TES ) at retrieval pressure levels close to those of MOPITT in Figure 3 . These representative averag- Figure 1 . The global TES a priori CO map at 825 hPa for July. Figure 2. (a) The TES CO a priori profile and its standard deviation, provided by MOZART-3, for the latitude 54°N-18°N zone, and (b) the MOPITT a priori profile and its standard deviation. The TES and MOPITT standard deviations are obtained from the square root of the diagonal terms of TES and MOPITT covariance matrices, respectively. For comparison purposes, the MOPITT covariance matrix is interpolated to a 21 level TES pressure grid between 1000 hPa and 146.8 hPa (see Table 1 ). , and TES averaging kernels are plotted on 21 pressure levels from 1000 to 150 hPa. ing kernels, A MOP and A TES , are daytime (both land and ocean) averages from MOPITT and TES on a 1°Â 1°c ollocated grid for 1 July 2006. In general, the shapes of A MOP and A TES reflect the combined effect of their a priori covariance matrices and weighting functions (not shown) as described in equation (2). The different magnitudes between A MOP and A TES are mainly due to different pressure layer thicknesses at the retrieval grids used by MOPITT (7 layers) and TES (67 layers), respectively. To make a consistent comparison, we generate the pressure-layer-normalized averaging kernels:
where j and k are indexes of column and row elements of A and A N and DP j is the pressure thickness of the layer corresponding to column index j. for all the levels peaks mainly from 300 to 800 hPa. The different shape and magnitude of the TES and MOPITT averaging kernels combined with their a priori profiles lead to different TES/MOPITT CO retrievals (see section 2.5).
Comparison of TES and MOPITT CO Retrievals
[19] Because TES is on board the Aura satellite, which is about 3 h behind Terra, it is not possible to find exact coincidence between TES and MOPITT observations. CO has a relatively long chemical lifetime ($2 months global average) and a short time scale variability that depends mainly on transport and source variation. To ensure reasonable coincidence criteria and sample size, we first bin daily MOPITT and TES CO profiles onto a 1°Â 1°grid and collocate TES and MOPITT retrievals within 3 h. Because of the difference in instrument sampling, about 25 MOPITT observations (in a 22 km Â 22 km horizontal resolution) and one TES observation (in a 5 km Â 8 km horizontal resolution) are included in each 1°Â 1°grid. More than 3500 1°Â 1°gridded TES-MOPITT pairs for July 2006 are used in our comparison.
[20] Figure 4 depicts the TES and MOPITT mean profiles and standard deviation relative to their means and the mean differences between TES and MOPITT CO at MOPITT pressure levels for the July 2006 1°Â 1°daily gridded data. TES data at pressure levels closest to MOPITT pressure levels are used in this comparison. The shape and magnitude of TES/MOPITT averaging kernels are strongly affected by the surface thermal contrast conditions [Ho et al., 2005; Deeter et al., 2007b] . Since these are generally largest during the daytime over land, we show comparisons for this (day/land) case. The global mean nighttime averaging kernels (not shown) have a similar shape but a smaller magnitude. It is clear that TES CO concentrations are consistently lower than MOPITT by 25 ppbv near the surface and 20 ppbv at 150 hPa. The smallest differences are found at 500 hPa. The thermal contrast over land at night is generally smaller than during the day, and both TES and MOPITT CO retrievals are weighted more to their respective a priori profiles, especially in the lower troposphere. As a result, the mean MOPITT/TES CO profiles at night over land below 500 hPa (not shown) are about 5 -10 ppbv lower than those for day over land.
[21] Figure 5 shows 10°latitudinal mean differences between TES and MOPITT CO at 850, 500, and 250 hPa for the day conditions over both land and ocean. Large TES and MOPITT CO differences at 850 hPa are primarily due to different a priori profiles since at these altitudes the averaging kernels are small. Over cold ocean scenes around 50°S, where thermal contrast is weak, both MOPITT and TES mean CO values at 850 hPa are very close to their respective a priori data. As a result, we have larger TES and MOPITT CO differences. The mean differences and their standard deviations for TES and MOPITT CO profiles for the day for 850, 500, and 250 hPa and the mean absolute difference (MAD) for CO column amount (in %) are summarized in Table 2 .
Comparison of TES and MOPITT CO Using the Same a Priori Profiles and Matrices
[22] To eliminate the systematic difference of TES and MOPITT comparisons caused by using different a priori profiles and covariance matrices, we apply TES a priori profiles and covariance matrices in the modified MOPITT V3 algorithm. The modified MOPITT CO profile, CO MOP 0 , can be written as
where A MOP 0 represents the MOPITT averaging kernels using TES a priori covariance matrices and CO TES APR is the TES CO a priori profile. For comparison with Figure 3c , the at pressure levels between 400 and 200 hPa. Thus, the a priori covariance matrix is responsible for most of this change in shape of averaging kernels because of different diagonal and off-diagonal terms, representing the assumed layer covariance and interlayer correlations, respectively.
[23] Figure 7 compares the global CO statistics for TES (CO TES ) and MOPITT using TES a priori (e.g., CO MOP 0). Mean profiles for July 2006 for day/land are shown. The mean differences between CO TES and CO MOP 0 are smaller than those in the case of the direct TES and MOPITT CO comparisons in Figure 4 . The mean CO difference between MOPITT and TES at 850 hPa decreases from À20 to À10 ppbv for day cases and decreases from À17 to À10 ppbv for night cases (not shown).
[24] With the same a priori profiles and covariance matrices, the zonal mean CO TES and CO MOP 0 difference at 850 hPa is also smaller than that between CO TES and CO MOP (Figure 8) , except in the Southern Hemisphere. The CO TES at 850 hPa in the Northern Hemisphere is only about 10 ppbv lower than CO MOP 0 . The mean difference (CO TES À CO MOP 0) for the day and its standard deviation at 850, 500, and 250 hPa and the MAD for CO column amount are listed in Table 2 . Although the mean CO difference for CO TES À CO MOP 0 is, in general, smaller than that for CO TES À CO MOP , zonal variations of the difference are still large for some regions, especially in the lower troposphere. This is because although we use the same a priori profiles and covariance matrices, relative contributions from the a priori to the retrieved TES and MOPITT CO profile are still different because of remaining differences in the averaging kernels (denoted as smoothing errors hereafter). A MOP 0 N for 700, 850, and 1000 hPa in the lower troposphere ( Figure 6 ) is still larger than those of A TES N in the lower troposphere (Figure 3d ) because of the different weighting functions and instrument noise. Possible radiance biases of the TES and MOPITT instruments, forward model error, and temporal and spatial mismatches of TES and MOPITT pixels may also contribute to the remaining difference between CO TES and CO MOP 0 . To make a consistent CO comparison between TES and MOPITT, the effect of the difference in smoothing errors between TES and MOPITT is further reduced in section 4.
Comparison of TES CO and MOPITT CO Smoothed by TES Averaging Kernels
Comparison Methods
[25] To reduce the differences in smoothing errors between MOPITT and TES CO retrievals, we use TES averaging kernels to smooth MOPITT CO profiles as suggested by Rodgers and Connor [2003] . The TES-equivalent CO profile converted from CO MOP 0 (section 3) is defined as 
where CO TES APR is TES a priori profile and A
00
TES is the TES averaging kernel matrix converted to the MOPITT pressure grid using the method introduced by Deeter et al. [2007b] ,
where DP i and DP j are the pressure thicknesses of the layers corresponding to MOPITT retrieval level i and TES retrieval level j, respectively. The averaging kernel matrix for CO MOP 0 NEW is denoted as A MOP 0 NEW , that is, equal to A 00 TES A MOP 0.
[26] This method is most applicable to retrieval comparisons where a high vertical resolution measurement is smoothed by the averaging kernels of a much lower resolution measurement [Rodgers and Connor, 2003 ]. In the case of MOPITT and TES the resolutions are comparable. When common a priori constraints are used, application of the combined averaging kernels serves to limit the vertical range of data comparison to that part of the atmosphere where the weighting functions of both measurements are significant. As used here, the technique may be useful for isolating differences in a measurement comparison, but it should not be considered for wider science applications since it essentially serves to smooth away measurement information. Because the vertical resolution (5) we use A 00 TES to smooth MOPITT CO retrievals.
[27] The difference between TES and the new MOPITT CO (e.g., CO TES À CO MOP 0 NEW ) can be separated into (1) the CO bias due to smoothing error, dCO SMOOTH , owing to differences between TES and the double-smoothed MOPITT averaging kernels and (2) TES and MOPITT CO biases, dCO BIAS , due to TES/MOPITT radiance biases and forward model errors (denoted as Se). According to Rodgers and Connor [2003] , these two terms can be estimated using the following equation (e.g., equation (29) from Rodgers and Connor [2003] , which can also be derived from equations (1) and (5)):
Comparison of TES and Smoothed MOPITT Averaging Kernels
[28] For the comparison technique described in section 4.1 to be valid, the TES averaging kernels and the smoothed MOPITT averaging kernels should have a similar shape and magnitude and have roughly the same DFS. To examine the difference between TES and smoothed MOPITT averaging kernels, we compare A MOP 0 NEW , A 
00
TES for all levels are larger above 500 hPa but smaller below 500 hPa. The DFS for A 00 TES À A MOP 0 NEW is equal to 0.14, which indicates that CO MOP 0 NEW is able to reasonably present around 90% information content for CO TES .
[29] Note that if common a priori constraints are not used in this method, i.e., A MOP is used directly in equation (4) 
Comparison of TES and Smoothed MOPITT CO Retrievals
[30] Figure 10 compares global statistics for CO TES and CO MOP 0 NEW . Shown are the mean CO TES , CO MOP 0 NEW , and CO TES À CO MOP 0 NEW for each MOPITT pressure level for July 2006 for the day/land case. In general, the mean differences between CO TES and CO MOP 0 NEW at all vertical levels for day/ land (also for daytime over ocean (day/ocean), nighttime over land (night/land), and nighttime over ocean (night/ ocean), not shown) are smaller than those between CO TES and CO MOP 0 in Figure 7 , especially for those below 500 hPa. Since both CO TES and CO MOP 0 NEW are strongly constrained by the TES a priori profiles below 500 hPa, the mean bias decreases from À10 ppbv for CO TES À CO MOP 0 to À1 ppbv near the surface. After minimizing the difference in smoothing errors between the TES and MOPITT averaging kernels, the standard deviation relative to the mean differences between CO TES and CO MOP 0 NEW dramatically decreases when compared to that of the mean of CO TES À CO MOP 0 . Compared to the standard deviation of the mean of CO TES À CO MOP 0 in Figure 7 , the standard deviation of the mean CO TES À CO MOP 0 NEW decreases by more than 35% below 500 hPa. Above 500 hPa, the difference between CO TES and CO MOP 0 NEW is still very small. Correlation coefficients for the CO TES and CO MOP 0 NEW ensemble at MOPITT pressure grids (from surface to 150 hPa) are 0. 95, 0.87, 0.85, 0.8, 0.76, 0.86, and 0.86 , which are about 20% higher than those between CO TES and CO MOP 0 and 40% higher than those between CO TES and CO MOP (not shown). The correlation coefficient of column amounts for CO TES and CO MOP NEW is 0.91. This indicates that application of equation (5) reduces the TES and MOPITT CO bias and its standard deviations especially in the lower troposphere that were due to the difference of TES and MOPITT averaging kernels.
[31] Figure 11 shows the 10°mean latitudinal variation of CO TES and CO MOP 0 NEW at 850, 500, and 250 hPa for day over both land and ocean. In the lower troposphere, CO TES is lower than CO MOP 0 NEW by less than 4.8% (1 -4 ppbv). CO TES is lower than CO MOP 0 NEW by 5% (1 -8 ppbv) in the midtroposphere (500 hPa), whereas the bias is about 2-10% lower in the upper troposphere (2 -9 ppbv; Table 2 ).
CO Bias due to Differences in Smoothing Error
[32] Although A 00 TES À A MOP 0 NEW (Figure 9d ) is small, to quantify the possible CO bias due to remaining difference between A 00 TES and A MOP 0 NEW , we examine the CO bias due to smoothing error between CO TES and CO MOP 0
NEW
, that is, dCO SMOOTH in equation (7). Since we do not know the true CO profile, this is represented here by 2.8°Â 2.8°g ridded output from the MOZART-3 model (details at http:// gctm.acd.ucar.edu/mozart/index.shtml). Inventories such as Emission Database for Global Atmospheric Research (EDGAR) [Olivier et al., 1999] are used to generate the free run MOZART CO profiles, CO MOZ . CO MOZ is within 5 ppbv compared to MOPITT CO profiles in midlatitudes and tropical regions and may have larger difference at high latitudes (NCAR MOZART Team, personal communication, 2008) . The closest CO MOZ to the collocated TES and MOPITT CO profile is used.
[33] Figure 12 depicts mean dCO SMOOTH profiles and standard deviation for July 2006 for day/land. In general, dCO SMOOTH is less than 3 ppbv at all pressure levels for day/land and also for day/ocean, night/land, and night/ocean (not shown). The standard deviations of dCO SMOOTH at all levels for day/land are within 12 ppbv. For day/land, dCO SMOOTH ranges from À1.2 to 1.4 ppbv from 850 to 500 hPa (Figure 12) .
[34] The mean dCO SMOOTH in each 10°latitude bin is very close to zero (not shown). Their mean difference and its standard deviation for day over both land and ocean at 850, 500, and 250 hPa and the MAD for CO column amount (in %) are listed in Table 2 . Note that because TES and MOPITT averaging kernels in equation (7) 
Remaining CO Bias
[35] After eliminating the smoothing error, the remaining difference between TES and MOPITT CO can be attributed to the combined effects of radiance bias, spatial and temporal mismatches of TES and MOPITT pixels, and possible forward model errors. Figure 13 compares Figure 10 . The mean TES-retrieved CO is consistently lower, though only by a small amount, than that of MOPITT. The 10°mean latitudinal variation of dCO BIAS is very close to that of CO TES À CO MOP 0 NEW in Figure 11 (not shown).
[36] The mean difference and standard deviation from the mean difference for dCO BIAS profiles for day over both land and ocean for 850, 500, and 250 hPa and the MAD for CO column amount are summarized in Table 2 . The mean bias is within 4 -11% at all levels. The mean absolute TES and MOPITT CO column difference is less than 6.5%.
Conclusions and Future Work
[37] In this study, we investigate the possible causes of the differences between the retrievals of the MOPITT and TES CO products. Different from Luo et al. [2007a] , here we applied the TES a priori to a modified operational MOPITT retrieval algorithm to account for the different a priori information in TES and MOPITT retrievals. The resulting MOPITT CO in July 2006 was compared to TES CO in the same month. We reached the following conclusions:
[38] 1. Compare TES and MOPITT CO retrievals. Direct comparisons of CO retrievals for July 2006 show that TES CO concentrations are consistently biased lower than those of MOPITT by 25 ppbv near the surface and by 20 ppbv at 150 hPa, primarily due to different a priori profiles and covariance matrices used in the TES and MOPITT CO retrievals. The predefined vertical pressure grids used by MOPITT and TES also strongly affect the shape and magnitude of their corresponding averaging kernels and lead to TES and MOPITT CO differences. The pressurelayer-normalized averaging kernels for MOPITT and TES actually peak at different heights. TES pressure-layernormalized averaging kernels for 348, 261, and 147 hPa peaks above 500 hPa, where MOPITT pressure-layernormalized averaging kernels for all levels, except at 150 hPa, peaks between 300 and 800 hPa.
[39] 2. Compare TES and MOPITT CO using the same a priori profiles and matrices. When a modified MOPITT retrieval uses the same a priori profiles and covariance matrices as TES, the mean difference between the TES and modified MOPITT CO decreases to À10 ppbv near the surface. The mean difference between TES and MOPITT CO is within 10 ppbv at all vertical levels where the standard deviations to its mean are still large because of the remaining difference in the averaging kernels (i.e., smoothing errors).
[40] 3. Reduce the smoothing error between TES and MOPITT CO. To reduce the smoothing error between TES and MOPITT CO, TES averaging kernels are used to smooth MOPITT CO profiles. The mean CO bias between TES and MOPITT is as small as 1 ppbv near the surface and 4 -9 ppbv at levels above surface. The MAD of CO column between TES and MOPITT is less than 6.5%. The mean standard deviation to its mean between TES and MOPITT CO is within 20% for all levels which is a decrease of about 35% in comparison to the case of not accounting for the difference of the TES and MOPITT averaging kernels.
[41] 4. Estimate CO bias due to differences in smoothing error (dCO SMOOTH ). Global CO from MOZART-3 has been used to estimate dCO SMOOTH . We find that mean dCO SMOOTH at different heights for all latitudes are very close to zero. Over land, dCO SMOOTH ranges from À1.2 to 1.4 ppbv from 850 to 500 hPa. The mean dCO SMOOTH in each 10°latitudinal bin is very close to zero. After removing the effect of dCO SMOOTH , TES CO is consistently smaller than that from MOPITT. The mean bias is within 4 -11% at all levels. The MAD of TES and MOPITT CO column is less than 6.5%. The remaining bias is primarily due to the combined effects of radiance biases, forward model errors, and the spatial and temporal mismatches of TES and MOPITT pixels.
[42]
The results presented here demonstrate that to have a valid comparison between similar data products, it is essential to account for not only the differences of their a priori assumptions but also for the difference of their averaging kernels. This work further shows that even when averaging kernels are considered in the comparison of two measurements, retrieval a priori influences from the assumed covariance matrix can still significantly affect the comparison. It is impractical to ask that all instruments retrieving a given quantity use the same a priori assumptions. However, for validation and intercomparison studies of the kind presented here it is nevertheless important that a common a priori be used to quantify the impact that this has on the apparent agreement (or disagreement) between two measurements. This will be particularly important in the production of climate-quality long-term data records that use sequential measurements from different instruments, for example, when extending the CO record from the current EOS sensors with that from the MetOp-A/Infrared Atmospheric Sounding Interferometer [Turquety et al., 2004] .
